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The glass transition temperature is the temperature, after which the supercooled liquid undergoes
a dynamical arrest. Usually, the glass network modifiers (e.g., Na2O) affect the behavior of Tg .
However, in aluminosilicate glasses, the effect of different modifiers on Tg is still unclear and show
an anomalous behavior. Here, based on molecular dynamics simulations, we show that the glass
transition temperature (Tg) decreases with increasing charge balancing cations field strength (FS)
in the aluminosilicate glasses, which is an anomalous behavior as compared to other oxide glasses.
The results show that the origins of this anomaly come from the dynamics of the supercooled liquid
above Tg , which in turn is correlated to pair excess entropy. Our results deepen our understanding
of the effect of different modifiers on the properties of the aluminosilicate glasses.
Introduction.—The aluminosilicate glasses are of
great interest in glass science and industry. This is due
to their good physical properties and chemical stability,
without neglecting the abundance of the glass elements
in the earth’s crust [1–3]. The glass transition tempera-
ture is a vital glass property when considering glasses for
a specific application. Tg is the temperature; below it,
the physical properties of the supercooled liquid change
to those of a glassy state presenting rigidity and elasticity
due to the structural dynamical arrest. Knowing which
factors control Tg and how different modifiers affect the
values of Tg will deepen our physical and chemical un-
derstanding of the behavior of the glass transition.
Cation field strength (FS) as defined by Dietzel [4] FS
= ZX/(rX+rO)
2, where Z and r stand for the charge
and ionic radius, respectively, and gives an indication
of the cation-oxygen bond strength (higher FS means
higher bond strength). This parameter could be used
to study the effect of different modifiers or charge bal-
ancing cations on the properties of oxide glasses. Based
on this assumption, it is expected that the properties of
the studied oxide glasses to scale with FS.
The properties of oxide glasses such as Tg, hardness,
and elastic moduli of binary alkali tellurite [5–8], phos-
phates [9], and ternary alkali/ alkaline earth aluminob-
orate glasses [10, 11] indeed scales with FS. These re-
sults suggested that the physical properties of the oxide
glasses depend strongly on the charge balancing cations
field strength. Furthermore, it has been found that the
elastic properties increase with increasing cations field
strength in binary alkali silicate glasses [12]. Recently,
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we have highlighted the same effect in ternary alkali and
alkaline earth aluminosilicate glasses [3]. Moreover, we
showed that the behavior of Tg does not correlate posi-
tively with FS and thus showing an anomalous behavior
as compared to the previously mentioned glasses. This
anomalous behavior of Tg observed from our previous
MD simulations [3] was already found experimentally by
Weigel et al. [13] and theoretically by Pedone et al. in
binary silicate glasses [12]. The anomalous behavior of
Tg is still not explained in the literature and remains un-
clear. To harness this effect, we simulated eight charge-
balanced aluminosilicate glasses using molecular dynam-
ics (MD) simulations, which offers a powerful tool for in-
vestigating and understanding the atomic-scale behavior
of materials.
In this letter, we investigate the origins of the anoma-
lous behavior of Tg in the charge balanced aluminosili-
cates. We show that this behavior is correlated to the
diffusion behavior of the charge balancing cations and to
the degree of the ordering in the glasses. The glasses
contain either monovalent alkali cation, divalent alkaline
earth cations, or Zn. The content of the modifier was
set to be equal to that of alumina giving a ratio R=1
(R=[Xn+
2/nO]/[Al2O3]) [3, 14]. Based on these assump-
tions, the modifiers are expected to behave similarly in
the aluminosilicate glasses network (to charge balance
tetrahedral AlO4 units), although, the charge balancing
ability will be different ( due to the difference in the size
of the cations) as the same charge is distributed over a
larger area for larger cations. Moreover, the oxygen ionic
radius is omitted from the FS equation as it is approxi-
mated to be the same (FS = ZX
r2
X
).
Methods.—In this work eight charge-balanced alu-
minosilicate glasses (Xn+n/2O)25-(Al2O3)25-(SiO2)50 (X
stands for Li, Na, K, Mg, Ca, Sr, Ba, or Zn) were sim-
ulated using classical molecular dynamics. The well-
2established potential by Pedone et al. [15] was used to
model the interactions between atoms. This potential
gives a realistic agreement with available experimental
data, as mentioned in the literature [3, 12, 16, 17]. Po-
tential parameters and partial charges are given in the
reference [15]. All simulations were performed using the
large-scale atomic/molecular massively parallel simulator
LAMMPS [18]. Velocity-Verlet algorithm with an inte-
gration time step of 1 fs was used to integrate the equa-
tions of motion. Periodic boundary conditions (PBC) are
applied in all directions to avoid edge effects and to sim-
ulate bulk systems. Long-range interactions were evalu-
ated by the Ewald summation method, with a real-space
cutoff of 12.0 A˚ and precision of 10−6. The short-range
interactions cutoff distance was chosen to be 5.5 A˚ [15].
All systems consist of approximately 4200 atoms
placed randomly in a cubic simulation box, ensuring that
there is no unrealistic overlap between atoms. First, we
equilibrated the systems at a high temperature (T = 5000
K) for 500 ps. This step is needed to ensure that each
system loses the memory of its initial configuration. Af-
ter that, the systems were subsequently quenched linearly
from the liquid temperature (T = 5000 K) to room tem-
perature (T = 300 K) with a cooling rate of 1012 K/ps
while keeping the volume fixed. Nose´-Hoover thermostat
and barostat were used to control the temperature and
pressure. At 300 K, another run for 1 ns and zero pres-
sure in NPT ensemble was performed, and the structural
(short- and medium-range structures) and elastic prop-
erties were found to be in a realistic agreement with the
experimental data as discussed in the reference [3]. Cool-
ing rates used in molecular dynamics are much higher
than those used in experiments due to the intrinsic in-
capability of molecular dynamics to use very low cooling
rates. The values of the cooling rate used in the present
simulations are usually used in making glasses in MD
simulations, and changing these values over an order of
magnitude does not affect the physical properties and
the short-range structure of the glassy state considerably
[3, 19].
Results.—The glass transition temperature herein
was obtained from the slope break between high- and
low-temperature variations of the total energy (Et(T))
versus temperature. Fig. 1 show Tg values as a func-
tion of FS obtained in the present simulations together
with the experimental values available in ref [13]. As
it can be observed, there is a qualitative agreement in
the behavior of Tg with FS from our simulations and
experimental studies. Also, we can see that the Tg val-
ues obtained from the simulations are overestimated by
around 300 K compared to experiments. This behavior is
usually observed in MD simulations and is generally at-
tributed to the very high cooling rates used in the glass
preparation using MD [3, 14, 20–22]. Besides that, this
could also be due to the simulation setup used to ob-
tain bulk glass. The usage of PBC lead to an infinite
system without any surfaces. Due to the absence of sur-
faces, the glasses obtained from computer simulations are
usually undergo a supercooling, thus giving an effective
temperature higher than the experimental one [23] The
FIG. 1. Glass transition temperature as a function of cations
field strength compared with experimental values found in ref
[13].
FS increases along the series K+ < Na+ < Li+ and Ba2+
< Sr2+ < Ca2+ < Mg2+ while FS of Zn2+ is equiva-
lent to that of Mg2+. We also observe from Fig. 1 that
Tg decreases with increasing FS for both alkali and al-
kaline earth system, with a more pronounced decrease
for alkali aluminosilicate glasses. The variation of Tg as
a function of FS is found to follow Li < Na < K, and
Zn < Mg < Ca < Ba < Sr. Since the vitrification is a
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FIG. 2. Diffusion coefficients of Li, Na, K, Mg, Ca, Sr, Ba, and
Zn as a function of temperature for the studied aluminosilicate
glasses. The symbols represent the simulated data points, and
the lines are fit to the Arrhenius law. (a) shows data for alkali
aluminosilicate glasses.
kinetic process where the dynamics of the melts play an
important role, we focus in the following on the diffusion
behavior at a temperature range above Tg to explain the
3behavior of Tg. The mean-squared displacement (MSD)
given by MSD = 〈|r(t) − r(0)|2〉 was used to investi-
gate the dynamical properties of the studied system [24].
The MSD was calculated using trajectories under NVT
runs for 60 ns and using a time step of 2 fs at each tem-
perature (1900 - 3100 K) (see supplementary materials
Fig. S1-S4 [25]). Fig. S1-S4 shows that MSD values
of network formers are negligible compared to values of
alkali ions, we can say that alkali ions migrate rapidly
in a quasi-frozen network where Si, Al and O ions will
move slightly or shuffle (compared to alkali ions) to ac-
commodate this fast migration. While alkaline earth ions
move in a dynamic network since MSD of network form-
ers (Al, Si and O) are comparable to MSD of modifiers.
The diffusion coefficient D was obtained using Einstein’s
equation D = limt→∞〈|r(t) − r(0)|
2〉/6t, and averaged
over the last 200 ps of each run. The length of the simu-
lation time used in this study is long enough to get a good
estimate of the diffusion coefficient. Figure 2 shows the
diffusion coefficients DX (where X stands for charge bal-
ancing cations) as a function of temperature in the range
between 1900 - 3100 K. The partial diffusion coefficients
of Si, Al, and O atoms are shown in supplementary ma-
terials Fig. S5 [25].
We see clearly from Fig. 2 that diffusion data follows the
Arrhenius behavior DX = D0exp(−∆Ea/kBT ) where
DX is the diffusion coefficient of the charge balancing
cations, D0 is the pre-exponential factor, ∆Ea the acti-
vation energy barrier for self-diffusion, kB denotes Boltz-
mann constant, and T the temperature. The calculated
diffusion coefficient from our simulations are in a good
agreement with previously reported MD simulations [26–
28], and experimental results [29, 30]. Also, knowing
that the dynamical properties of liquids are very sen-
sitive to the interaction potential [31], the agreement of
the data from our simulations with other MD simulations
and available experimental data reinforces the reliability
of our data. The alkali elements show a higher diffusion
as compared to alkaline earth elements in the studied alu-
minosilicate melts. This indicates that the elements with
a higher diffusion coefficient can diffuse longer distances
and explore larger regions in the configurational space.
Fig. 3 (a) and (b) show the variation of the diffusion
coefficient as a function of the charge balancing cations
field strength at different temperatures. As can be no-
ticed, the self-diffusion coefficient scales with the charge
balancing field strength. This behavior could be due to
several factors, and to further analyze this behavior, we
refer to the entropy. In general, accurate computation
of the entropy is extremely costly. Thus, an expression
that gives approximately the entropy should be enough
to show how different cations can affect the structure
of the aluminosilicate melts and glasses. This expression
was derived from the expansion of the configurational en-
tropy in terms of multibody correlation functions given
by Kirkwood’s factorization S = Sid + S2 + S3 + ...,
where Sid is the ideal gas contribution, S2 is the pair
excess entropy, S3 is the three-body excess entropy, and
other higher terms [32–35]. We use here the term S2 to
take only the two-body (pair) excess entropy, which is
given by
S2 = −2piρkb
∫ ∞
0
[g(r)lng(r)− g(r) + 1] r2dr. (1)
ρ is the density of the system, g(r) is the radial distribu-
tion function, and kb is the Boltzmann constant.
The two-body excess entropy is plotted in Fig. 3 (c)
and (d) for both alkali and alkaline earth aluminosili-
cate systems respectively at a temperature range between
1500 - 3100 K. It is worth stressing that higher values of
S2 indicates higher disorder in the system. As depicted
in Fig. 3 (c and d) S2 correlate positively with the charge
balancing cations field strength and gives an indication
that the systems with high FS cations are more disor-
dered than those with low FS cations.
Additionally, by fitting lnD over 1000/T data to the
Arrhenius equation, we can obtain values of the diffusion
activation energy barriers ∆ Ea and the pre-exponential
factor D0. Although to obtain an accurate values of the
activation energies and D0, the temperature range for
the fitting should be carefully chosen. The activation
energies were obtained by fitting the simulation data to
the Arrhenius equation in the temperature range between
1900 and 3100 K.
Figure 4 (a) shows the activation energies for ions self-
diffusion as a function of FS (see supplementary materials
Fig. S6, Table. S1, and Table. S2 [25] for numerical data
of Ea and lnD0 of all elements). The activation energies
for the diffusion of O, Si, and Al atoms are shown in sup-
plementary materials Fig. S2.
As we can see, the activation energy decreases with FS
for all systems, as expected from the increase of the diffu-
sion coefficient with FS (see Fig. 3). In the same figure,
the pre-exponential factor D0 is also plotted as a func-
tion of FS. For the aluminosilicate systems containing
alkaline earth or Zn, we noticed a striking similarity in
the behavior of D0 and Ea as a function of FS, while for
the aluminosilicate glasses containing alkali cations, D0
increases with increasing FS.
Discussion.—For the present glass systems, Tg de-
pends on the FS of the non-network former cations; thus,
it depends directly on the radius of the charge balancing
cations. The same trends have been reported by Romano
et al. [36] in the behavior of the viscosity of XAlSi3O8
melts in the temperature region around Tg, where X
stands for (Li, Na, K, Ca0.5, Mg0.5). It is also known
that in aluminosilicate, T—O (T = Si or Al) bonds are
the strongest. The introduction of a modifier cation in-
duces a perturbation to these bonds in the form of com-
petition between Si, Al, and X atoms to form bonds with
oxygen atoms (X is the non-framework cation). Increas-
ing the field strength of modifying cations leads to an
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FIG. 3. Diffusion coefficients of Li, Na, K, Mg, Ca, Sr, Ba, and Zn as a function of charge balancing cations field strength for
the studied aluminosilicate glasses for different temperatures. (a) shows data for alkali aluminosilicate glasses, and (b) shows
data for alkaline earth and Zn aluminosilicate glasses. (c) and (d) show the two-body excess entropy (S2/N) in the system
normalized by the total number of atoms (N) in the system for alkali and alkaline earth aluminosilicate glasses respectively.
The symbols represent the simulated data points, and the lines are guide to the eye.
increase of the perturbation in the glass network and in-
creases the probability of the non-framework cations to
form bonds with oxygen atoms [3, 37]. Furthermore, low
FS charge balancing cations enhance the thermal sta-
bility of aluminosilicate melt structures. They do not
strongly polarize the bridging oxygen and only weakly
perturb the aluminosilicate structure. On the contrary,
high FS cations form relatively strong bonds with the
bridging oxygen that perturb the aluminosilicate struc-
ture by narrowing the T—O—T bond angle and length-
ening the T—O bonds [3, 38].
The higher mobility of the charge balancing cations
could be one of the reasons to explain the decrease in the
glass transition temperature for the charge balanced alu-
minosilicate glasses. The diffusion coefficient scales with
field strength as follows; Li > Na > K > Mg > Zn > Ca
> Sr > Ba, indicating that atoms which have a higher
field strength (e.g., Li, Mg and/ or Zn) diffuse faster
than those with lower field strength. The diffusion co-
efficients of the alkaline-earth aluminosilicate liquids are
lower than the corresponding diffusion coefficient of the
alkali aluminosilicate liquids. This can be due to the frag-
ile nature of alkaline-earth aluminosilicate liquids (see
supplementary materials Fig. S8 [25]). For alkali alumi-
nosilicate melts, the activation energy for self-diffusion
decreases with increasing FS while the pre-exponential
factor (D0) shows an increase indicating higher jump fre-
quency of the alkali cation. This is because increasing FS
is manifested by a decrease of the cation size leading to
lower mobility of the modifier cation. From another side,
we noticed that when the FS increases, the coordina-
tion number decreases for both alkali and alkaline-earth
cations, as shown in Fig. 4 (b) allowing more freedom for
low-coordinated cations, which is corroborated by the in-
crease in the diffusion coefficient. As discussed above, Al-
kali cations have higher diffusion coefficients and smaller
activation energy barriers, so there are faster and easier
to diffuse. The pre-exponential factor D0 for these el-
ements increases with increasing FS meaning that high
FS cations, can explore more configurational space and
relax toward lower energy minima, thus a lower Tg. As
for alkaline earth cations, both the activation energies
for self-diffusion and D0 decreases with increasing FS,
indicating that even if the activation energy barriers for
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FIG. 4. (a) Activation energies Ea and per-exponential factor D0, of Li, Na, K, Mg, Ca, Sr, Ba, and Zn as a function of charge
balancing cations field strength for the studied aluminosilicates. (b) mean coordination number of the charge balancing cations
to oxygen as a function of FS in the studied aluminosilicates at 300 K. The symbols represent the simulated data points, and
the lines are guide to the eye.
self-diffusion are smaller for high FS elements, the jump
frequency is lower which lead to slow relaxation of the
systems. However, the values of Tg of potassium alu-
minosilicate glass are higher than Tg of the magnesium
aluminosilicate glass. This could be attributed partially
to the high coordination state of potassium as compared
to magnesium and partially to the cation molar mass
(potassium is heavier than magnesium). This fact could
also explain the higher Tg values of alkaline earth AS
glasses. The low energy barriers for self-diffusion found in
those melts give to the systems the freedom to relax more
towards lower energy minima resulting to lower Tg values
as compared to other systems with lower field strength
and higher energy barriers for self-diffusion. This expla-
nation is supported by the two-body excess entropy be-
havior as it is known in literature that disorder enhances
the ability of atoms to diffuse [39–42].
The fragility is a scalar to quantifies the rate at which
any dynamical quantity such as viscosity or diffusion
grows with temperature [43–45]. The fragility of the
liquid was computed from the Arrhenius behavior as in
Refs. [24, 46] (see supplementary materials Fig. S9[25]).
The values calculated here are in good agreement with
the values reported in many experiments [36, 47, 48]. The
high fragile nature of the alkaline earth aluminosilicate
melts may result from the differences in the diffusion in
these systems as compared to the alkali aluminosilicate
melts. In contrast to the glass-forming melts with high
fragility, the low fragility glass-forming melts show a rel-
atively broad glass transition temperature range as they
exhibit relatively a slow change in the viscosity with tem-
perature which give more time for the glass forming melts
to relax its structure.
As we have noticed from the results presented herein,
the pre-exponential factor D0 and diffusion energy bar-
rier EA have an important contribution to the diffusion
coefficient as for the activation energy governed by the
ionic size and masse of the cation and by the structural
configuration of the host medium. From the fitting of
the diffusion data to the Arrhenius equation, we deter-
mine the values of D0 and EA and its contributions to
the diffusion coefficients of the studied glasses. We found
that the pre-exponential factor D0 plays a significant role
along with the activation energy barrier Ea in determin-
ing the magnitude of D, and it shows a correlation with
FS as for the activation energies. Self-diffusion coefficient
D can be expressed as
D = D∗exp(−
G
kBT
) = D∗exp(
S
kB
)exp(−
H
kT
)
= D0exp(−
H
kBT
)
(2)
where D0 = D
∗exp(
S
kB
), G, H, and S denote the Gibbs
free energy, enthalpy, and entropy of activation of the
self-diffusion process, respectively, the pre-exponential
factor and activation energy are dominated by entropy
and enthalpy contributions. In the charge-balanced alu-
minosilicate glasses, the self-diffusion of cations is domi-
nated by the base glass, which has different glass struc-
tures, as shown by simulation results. This difference
in the structure leads to different configurational and vi-
brational entropy and hence different activation entropy
leading to different pre-exponential factors of diffusion.
The pair excess entropy shows qualitatively that the con-
figurational entropy of the studied melts is affected re-
markably by the charge balancing cations.
Conclusion.—Molecular dynamics simulations were
performed to understand the origins of the anomalous
behavior of Tg as a function of FS and the effect of the
charge balancing cations on the diffusion behavior in the
6aluminosilicates. The results showed that the origins of
this anomaly are linked to the diffusion of the charge bal-
ancing cations. The high FS cations diffuse faster than
the low FS cations, and this behavior was attributed
to the high pair excess entropy, which also indicates a
high disorder. This high diffusion of the charge balanc-
ing cations allows for a relaxation of the structure, thus,
exploring low energy minima, which leads to a low Tg.
Additionally, the melt fragility showed that AS glasses
with high field strength tend to be strong glass form-
ing melts (low fragility index) compared to the ones with
high FS; the fragility of the alkaline earth aluminosilicate
melts is also responsible for the differences in the diffu-
sion in these systems as compared to the alkali alumi-
nosilicate melts. Altogether the results presented in this
letter will deepen our understanding of the role of dif-
ferent modifiers on the diffusion behavior in silicate and
aluminosilicate (as the insight given here is expected to
hold also for binary silicate systems) and help in getting
an atomic-scale understanding of the glass transition.
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